Abstract: This research describes the adsorption of Cu 2+ onto a helical ribbon carbon nanofiber. The characterization of carbon nanofiber by zeta potential showed an isoelectronic pH of 1.9. The influence of different adsorption factors, such as stirring speed, temperature, pH, adsorbent concentration, etc., on the Cu 2+ adsorption capacity have been evaluated. The pH has a great influence on Cu 2+ adsorption, with the maximum adsorption capacity reached at a pH of 10. The experimental data fit well to pseudo-second order kinetic and Langmuir isotherm models (q m = 8.80 mg·g −1 ) at T = 298 K and pH = 4. The Cu 2+ adsorption could be explained by the particle diffusion model. Results showed that carbon nanofiber could be successfully used for the elimination of Cu 2+ from wastewater.
Batch Adsorption Experiments
The batch adsorption experiments were carried out in a 250 mL glass reactor capable of mechanical (impeller) shaking.
Solutions (100 mL) containing Cu 2+ were used, and weighed amounts of the adsorbent, carbon nanofibers (CNF), were added. The pH was adjusted using HCl and NaOH. The residual copper content in the aqueous solution was determined by AAS (Perkin Elmer 1100 B spectrophotometer, Waltham, MA, USA). These were filtered prior to solution analyses. The metal uptake capacity was calculated using Equation (1): where q t is the amount metals ions adsorbed (mg·Cu·g −1 sorbent), while C 0 and C t are the initial and contact time metal ion concentrations (mg·Cu·L −1 ) in the aqueous solution, respectively. V is the volume of the solution (0.1 L), and M is the mass of the sorbent (g). The removal efficiency was calculated using the following equation:
where C e (mg·Cu·L −1 ) is the equilibrium metal concentration in solution.
Results

Characterization of CNF
TEM micrographs of CNF are shown in Figure 1 . The helix spiral structure is observed. The structure of CNF is a continuous cone-helix. The presence of pyrolytic amorphous carbon in the CNF is not observed [49] . CNF structural details are presented in references [48] [49] [50] . Table 1 shows the elemental composition. 
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Results
Characterization of CNF
TEM micrographs of CNF are shown in Figure 1 . The helix spiral structure is observed. The structure of CNF is a continuous cone-helix. The presence of pyrolytic amorphous carbon in the CNF is not observed [49] . CNF structural details are presented in references [48] [49] [50] . Table 1 shows the elemental composition. The isoelectric point (IEP) of CNF is obtained at a pH value of 1.9 ( Figure 2 ). At a pH values around the pH(IEP), the sorbent surface charge is neutral. When the pH value is lower than the isoelectronic point, the sorbent surface has a positive charge, and a negative charge when the pH is greater than 1.9 [37, 51] . The surface charge could affect in the adsorption properties of the adsorbent [51] . The isoelectric point (IEP) of CNF is obtained at a pH value of 1.9 ( Figure 2 ). At a pH values around the pH(IEP), the sorbent surface charge is neutral. When the pH value is lower than the isoelectronic point, the sorbent surface has a positive charge, and a negative charge when the pH is greater than 1.9 [37, 51] . The surface charge could affect in the adsorption properties of the adsorbent [51] . 
Sorption Bach Experiment
To research the efficiency of the CNF in Cu 2+ adsorption, parameters such as contact time, stirring speed, temperature, pH, carbon nanomaterials concentration, and copper concentration have been studied. Figure 3 shows the effect of the contact time on Cu 2+ adsorption. The adsorption kinetics was investigated for better understanding of the dynamics of adsorption of metal on the CNF. The removal of Cu 2+ between 0-30 min increased sharply, and then tended to became almost stable, which denoted accomplishment of equilibrium at 30 min. From this point, the qt values remained constant. This behavior could be due to the fact that, at the beginning, all of the active sites on the CNF surface were empty and the copper concentration high, and after 30 min, the surface active sites available diminish and the copper concentration lower, so the metal uptake remain constant [52] . The copper adsorption was a quick process. 
To research the efficiency of the CNF in Cu 2+ adsorption, parameters such as contact time, stirring speed, temperature, pH, carbon nanomaterials concentration, and copper concentration have been studied. Figure 3 shows the effect of the contact time on Cu 2+ adsorption. The adsorption kinetics was investigated for better understanding of the dynamics of adsorption of metal on the CNF. The removal of Cu 2+ between 0-30 min increased sharply, and then tended to became almost stable, which denoted accomplishment of equilibrium at 30 min. From this point, the qt values remained constant. This behavior could be due to the fact that, at the beginning, all of the active sites on the CNF surface were empty and the copper concentration high, and after 30 min, the surface active sites available diminish and the copper concentration lower, so the metal uptake remain constant [52] . The copper adsorption was a quick process. The equilibrium time could be decreased by increasing the stirring speed, so the appropriate hydrodynamic conditions were investigated. Table 2 shows that an increase in the stirring speed increased qt values, reaching a maximum between 500-2000 rpm. In this stirring speed interval, the thickness of the aqueous film diffusion layer and the aqueous resistance to mass transfer are at a minimum. An increase in the stirring speed to higher than 2000 rpm decreases the Cu 2+ adsorption. This could be due the formation of local equilibrium between the Cu 2+ solution and the surrounding CNF and/or the agglomeration of the nanoparticles. 
Effect of the Contact Time and the Stirring Speed
Adsorption Kinetic and Diffusion Mechanism
To understand the process of Cu 2+ adsorption onto CNF, three kinetic adsorption models have been assessed [53] :
(a) pseudo-first order [51] ln(q e − q t ) = ln q e − k 1 t
(b) pseudo-second order [54] 
(c) Elovich model [55] 
where q e and q t (mg·g −1 ) are the sorption capacities at equilibrium and at time t (min), respectively, k 1 is first-order adsorption rate constant (min −1 ), and k 2 (g·mg −1 ·min −1 ) is the pseudo-second order constant. α is the initial adsorption rate (mg·min −1 ) at contact time t = 0 min, and β is the extent of surface coverage and activated energy (g·mg −1 ).
According to the calculated data, among the different adsorption reaction models, the higher correlation coefficient, R 2 , was obtained for the pseudo-second order kinetics model (Equation (4) and Table 3 ). The q e values derived from the model and the experiment are really similar: q e (experimental) 6.51 mg·g −1 [56] . (a) Film diffusion controlled process: The metal species diffused from the aqueous solution to the CNF surface
(b) Particle diffusion controlled process: The ion diffused inside CNF
(c) Moving boundary process
where
is the rate constant model, q e and q t (mg·g −1 ) are the sorption capacities at equilibrium and contact time, respectively, and t (min).
The results obtained by the kinetic diffusion models show that the Cu 2+ adsorption onto the CNF could be better explained by the particle diffusion model, where K = 0.0525 min −1 (Table 4) . As seen in Figure 4 , at a low pH of two, the adsorption of Cu 2+ onto CNF is very low. This is due to the pH value being very near the zero potential pH = 1.9, the charge in the surface being 0 (neutral), and the Cu 2+ adsorption being nil or very low. At pH values lower than two, the potential of the surface charge of the CNF is positive, the cations in solution are repealed from the adsorbent, and it is not adsorbed. When the pH increases to between 4 and 10, the cooper adsorption increased to its maximum at pH 10 (q e = 8.88 mg·g −1 ). Above the isoelectronic pH, the nanomaterial surfaces have a negative charge and attract the metal ions facilitating the adsorption [18, 37] .
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Effect of the Copper Concentration
The adsorption capacity depends on Cu 2+ concentration; Table 5 shows an increase in copper concentration in the aqueous phase resulting in a reduction of the recovery percentage. This may be associated with a competitive effect of copper by the active position of the adsorbent. The adsorption equilibrium data of the Cu 2+ -CNF system were checked in terms of three isotherm models: Langmuir, Freundlich, Dubinin-Radushkevich and Temkin [59] . The following equations have been used:
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(b) Freundlich [62] :
where q e (mg·g −1 ) is the sorption capacities at equilibrium time, C e (mg·L −1 ) is the metal ion concentration in the aqueous phase at equilibrium, q m (mg·g −1 ) is maximum sorption capacity, and b (L·mg −1 ) is the Langmuir sorption constant. R L is a dimensional constant separation [63] . C 0 (mg·L −1 ) is the maximun initial copper concentration. K F is the Freundlich constant (L·g −1 ), and 1/n is a heterogeneity factor constant, their values must be less than one for favorable adsorption. (c) Dubinin-Radushkevich [64] :
where:
where q e are mg·g −1 in equilibrium, q d is the theoretical capacity adsorption (mg·g −1 ), K is a constant related to the mean free energy in the adsorption (mol 2 ·J −2 ) and E (KJ·mol −1 ) [63] . ε is the Polanyi adsorption potential, R is the universal gas constant (8.314 J·K −1 ·mol −1 ), T is the temperature in K, and C e is the metal ion concentration in the aqueous phase at equilibrium in mg·L −1 . (d) Temkin [65] :
where q e is the sorption capacities at equilibrium time in mol·g −1 , C e is the metal ion concentration in the aqueous phase at equilibrium in mol·L −1 , and K T is the isotherm equilibrium binding constant (L·g −1 ); B is a constant related to the sorption heat in J·mol −1 .
According to the values of the correlation coefficient, R 2 , the experimental results fit well to the studied isotherms, Table 6 . However, the best fit is obtained for the Langmuir model. The q m value obtained from this model is similar to the experimental one, 8.77 mg·g −1 . The separation factor, R L , shows that the adsorption process is favorable if the R L value is 0 < R L < 1, unfavorable when R L > 1, linear when R L = 1, and irreversible at values of R L = 0. The Cu 2+ adsorption on CNF is favorable with a R L value between zero and one, the value here being 5.6 × 10 −3 . The 1/n value obtained from adjusting the data to the Freundlich isotherm is 9.12 × 10 −2 , also indicating that the copper adsorption on CNF is favorable. Table 6 . Calculated isotherms parameters. Experimental conditions: CNF = 0.1 g, V = 100 mL of [Cu 2+ ] = variable pH = 4, T = 298 K, θ = 500 rpm. The energy value calculated using the Dubinin-Raduskevich model was E = 7.34 (KJ·mol −1 ). This is lower than 8 KJ·mol −1 , which indicates that the mechanism of adsorption has a physical nature [63] .
Langmuir Model Freundlich Model
q m b R L × 10 −3 R 2 n K F R 2 8
Effect of the CNF Dosage
The CNF dosage was modified in order to evaluate the effect of this parameter. It was expected that an increase in the CNF dosage will increase the adsorption percentage and diminish the adsorption capacity values.
The objective of this research was to achieve the highest possible metal recovery. The best result was obtained using 0.2 g of CNF, with 97% of the copper recovered (see Table 7 ). The influence of the temperature (293-333 K) on Cu 2+ adsorption on CNF have been studied. The assay conditions were 0.01 g·L −1 of Cu(II), 4 pH, 0.1 g of CNF adsorbent, and a stirring speed of 500 rpm. Figure 5 shows the variation of q t vs. t. An increase of the qe value with temperature was observed, having reached a maximum at 333 K, 8 mg·g −1 . Therefore, the process is considered endothermic. The increase of adsorption with temperature can be due to different factors, such as a change in the pore size of the nanofibers and/or an increase of the active sites. In addition, the collisions between the metal and the surface of the nanofibers are greater, thereby contributing to a rise in the adsorption capacity [18] .
The experimental data obtained at different temperatures (293-333 K) was used to calculate the thermodynamics parameters, ΔH°, ΔG°, and ΔS°, using the following equation:
where ΔS° is the entropy of the reaction, ΔH° is the enthalpy, T is the temperature in Kelvin, and R is the universal gas constant (8.314 J·K −1 ·mol −1 ). Kd is defined as follows:
where qe, (mg·g −1 ) and Ce (mg·L −1 ) are the equilibrium capacity on the solid and the liquid phases, An increase of the q e value with temperature was observed, having reached a maximum at 333 K, 8 mg·g −1 . Therefore, the process is considered endothermic. The increase of adsorption with temperature can be due to different factors, such as a change in the pore size of the nanofibers and/or an increase of the active sites. In addition, the collisions between the metal and the surface of the nanofibers are greater, thereby contributing to a rise in the adsorption capacity [18] .
The experimental data obtained at different temperatures (293-333 K) was used to calculate the thermodynamics parameters, ∆H • , ∆G • , and ∆S • , using the following equation:
where ∆S • is the entropy of the reaction, ∆H • is the enthalpy, T is the temperature in Kelvin, and R is the universal gas constant (8.314 J·K −1 ·mol −1 ). K d is defined as follows:
where q e , (mg·g −1 ) and C e (mg·L −1 ) are the equilibrium capacity on the solid and the liquid phases, respectively. Plotting the linear fit ln C e , CNF C e vs.
1
T to the slope could be used to calculate the ∆H • value (Table 8) . For the entire temperature range studied, the ∆G • values were negative, this indicating that the adsorption process is spontaneous. These values are lower than 18 KJ·mol −1 , characteristic of a physisorption [18] , and this agrees with the result obtained from R L Langmuir parameter (see Table 6 ).
The positive enthalpy confirms the endothermic behavior of Cu 2+ adsorption on the CNF. The ∆S • value is positive, which indicates an increase in the randomness in the CNF/Cu 2+ system. In the temperature range studied, the ∆H • is lower than T·∆S • , so the sorption process was dominated by entropic rather than enthalpic changes [51, 62] .
Cu 2+ Elution
According to the results for Cu 2+ adsorption on CNF, it is expected that an increase in the acid concentration changes the adsorption conditions, and Cu 2+ could then be eluted. The effect of the acid concentration in elution was studied. For 30 min, 0.05 g of CNF load with 4.83 mg·g −1 of Cu 2+ were put in contact with 20 mL of H 2 SO 4 in solutions of different concentrations at a stirring speed of 500 rpm.
An increase in the acid concentration increased the elution percentage (see Table 9 ), reaching a percentage of around 96% with a H 2 SO 4 concentration of 4 M. The kinetic elution study was performed using a solution of 2 M sulfuric acid, with equilibrium reached after 15 min. The elution kinetics was faster than the adsorption. 
Conclusions
The results obtained in this research prove that helical carbon nanofibers are a potential adsorbent of Cu 2+ from wastewaters. Of the parameters studied, pH has the greatest influence on copper adsorption capacity, reaching a maximum q m value of around 8.80 mg·g −1 at a pH value of 10. An increase in the temperature does not influence the adsorption capacity; however, the equilibrium is reached in less time.
The Cu 2+ kinetics fitted a pseudo-second order (0.0574 g·mg −1 ·min −1 ). The Cu 2+ adsorption is considered a particle diffusion controlled process. The experimental data adjusted to a Langmuir model, the q m = 8. 
